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ABSTRACT

Author: Klenosky, Daniel R. PhD
Institution: Purdue University
Degree Awarded: August 2018
Title: Large Strain Extrusion Machining of AA7050
Major Professors: Dr. Kevin P. Trumble and Dr. David R. Johnson
Aluminum has remained among the most commonly-used materials for aerospace
applications for the past 100 years. It is advantageous due to its relatively high strength, low
weight, ease of forming, electrical and thermal conductivity, and low cost. Alloy 7050 is among
highest strength aerospace-grade aluminum alloys and can be formed into a wide variety of shapes
via extrusion, rolling, forging, and other processes.
Unfortunately, consistent and homogenous process control can be difficult to achieve
during these bulk forming operations due to the complexity of the Al-Zn-Mg-Cu alloy system.
Poor process control can result in defects and/or inhomogeneous microstructures and properties,
during either deformation or during post-deformation heat treatment. It is therefore desirable to
learn more about the nature and mechanisms of microstructural evolution during bulk deformation
processes, and it may also be desirable to seek alternative production methods where possible.
Large strain extrusion machining (LSEM) is a simultaneous cutting-extrusion process that
has been applied to AA7050 in this work. It is a single-step deformation process that is used both
as a tool to explore deformation in general, and also as a potential alternative method to produce
AA7050-T7 plate, one of the most commonly used forms of the material.
Experiments in this work include LSEM starting from different initial microstructural
conditions and different deformation conditions. Specifically, hardened AA7050-T7451 material,
which is typically impossible to process due to its high strength and low workability, has been

xvi
processed via LSEM at an effective strain larger than 1 to create continuous AA7050 plate with
very smooth surfaces in a single deformation step.
Room temperature LSEM has also been applied in this work to produce plate from Otempered, as-cast, and as-homogenized AA7050. Results from experiments with these softer
materials show the limitations of the LSEM process. Sticking friction, especially at slow cutting
speeds, causes problems that lead to built-up edges at the strip-tool interfaces and poor surface
quality. While continuous strips with good surface quality is possible for both annealed and ashomogenized material, careful balance must be maintained between cutting quickly enough to
limit sticking friction but slowly enough to limit strain rate and adiabatic heating. After proper
balance and control of these considerations was achieved, LSEM plate created from ashomogenized material was artificially aged successfully to create a product with properties similar
to conventionally-rolled AA7050-T7451 plate.
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1. INTRODUCTION

1.1 Aerospace Aluminum Alloys
Aluminum alloys have been the primary structural materials used in aircrafts since they replaced
wood in the late 1920s. They are attractive due to their combination of relatively low cost, high
processability, low weight, and high strength, while they are limited by their low elastic modulus,
lack of high-temperature capability, and susceptibility to corrosion.
Certain aluminum alloys are known as heat-treatable alloys, meaning that they can be
strengthened to fairly high strength levels via precipitation of fine strengthening particles during
heat treatment. This is as opposed to non-heat-treatable alloys, which do not respond to heat
treatments and can only be strengthened via solid solution strengthening and cold working. Table
1.1 summarizes the eight families of wrought aluminum alloys.
Table 1.1 - Wrought aluminum alloy classification system.
Family Alloying Elements Classification Strengthening Mechanism Applications
1XXX

Pure

Soft

Non-heat-treatable

Electrical

2XXX

Cu, Cu-Mg

Hard

Heat-treatable

Aerospace

3XXX

Mn

Soft

Non-heat-treatable

Construction

4XXX

Si

Soft

Non-heat-treatable

Welding

5XXX

Mg

Soft

Non-heat-treatable

Structural, marine

6XXX

Mg-Si

Soft

Heat-treatable

Automotive

7XXX

Zn, Zn-Mg-Cu

Hard

Heat-treatable

Aerospace

8XXX

Misc. inc. Li, Sn, Fe Hard (Li)

Heat-treatable

Aerospace (Li)

The strongest of these heat-treatable aluminum alloys are the 2XXX and 7XXX alloys, which are
known as either hard or aerospace grade aluminum alloys. The first aerospace alloy system was
the Al-Cu (2XXX) series, which was actually used in the Wright brothers’ first airplane in 1903.
It was studied and developed over the next two decades, and sold commercially in the US in the
1920s, with a yield strength of around 280 MPa. Subsequent experiments with different alloy
systems, compositions of those systems, impurity control, processing parameters, and heat
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treatments have led to the development of a multitude of new alloys and continuous property
improvement over the past 100 years, as shown in Figure 1-1 [1].
In the early 1940s, Al-Zn-Mg-Cu (7XXX series) alloys, which can now reach a yield strength of
over 550 MPa, were developed. In the 1970s, it was discovered that these 7XXX alloys can be
overaged, or heat treated slightly past their peak strength, as a compromise for greatly improved
corrosion resistance. This overaged condition is still largely used today, though new alloys and
different application requirements provide relevance for a variety of treatments.

Figure 1.1 Yield strength vs. year of introduction for Al alloys [2]. Adapted with permission
from Elsevier Books.
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1.2 AA7050
Among the most commonly used aerospace alloys is AA7050, which is considered a mediumstrength aerospace alloy with balanced properties. It is treated as a general-purpose alloy, in that
it can be extruded, rolled, or forged into a variety of shapes for different applications. That is, it
is relatively easy to form and machine for its strength, corrosion resistance properties, and cost.
Since its development in the 1970s, the primary production method has largely remained the same.
This process, which will be discussed in-depth in CHAPTER 2, almost always includes the
following steps:
1. Direct-Chill (DC) casting
2. Homogenization
3. Hot (and/or cold) deformation
4. Solution treatment
5. Age-hardening
The expected microstructure of industrially-produced AA7050 products has been wellcharacterized over the last several decades. It ideally features relatively homogeneous grains,
although these may vary in their shape or aspect ratio depending on the processing history.
Unfortunately, due to the inhomogeneous nature of strains in these processes, it is often either
economically inefficient or physically impossible to achieve a fully homogeneous microstructure.
In most cases, these inhomogeneities can be limited so that they do not have too deleterious of an
effect on the homogeneity of the properties, but in some instances (such as the peripheral coarse
grain defect sometimes observed during extrusion), a given product can feature drastically
different properties.
These problems are extremely difficult to observe in-situ, and are therefore difficult to predict. The
exact mechanisms that result in these inhomogeneous microstructures remain unclear, and they are
among the most-debated topics in the aluminum deformation research community today.
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1.3 Large Strain Extrusion Machining
Large strain extrusion machining (LSEM) is a shear-based thermomechanical processing
technique that has been used recently at Purdue University to produce continuous sheets of
difficult-to-roll Mg, Ti, Fe-Si, and 6XXX Al alloys [3–6]. Confinement of the shear deformation,
combined with a rapid and localized adiabatic temperature rise and hydrostatic pressure have been
shown to suppress cracking and other problems typically associated with rolling and other
processes, all in a single deformation step.
In addition, the deformation during LSEM can be controlled precisely as a function of processing
parameters. Adiabatic temperature rise, shear strain, and shear strain rate are all functions of predefined system inputs, meaning that it is possible to produce a strip of material of a particular
thickness that has been subjected to a specific predetermined shear strain, strain rate, and
temperature rise. This will be discussed in much greater depth in CHAPTER 3.
This ability to control deformation conditions makes LSEM an attractive deformation technique,
not only as a way to produce continuous AA7050 strip but also as an analog to study the behavior
and microstructural evolution during the other more conventional AA7050 deformation processes.
In this work, the capabilities of machining-based simple shear deformation to produce AA7050
strip are demonstrated via a series of experiments. Both conventional (free) machining and
constrained machining (LSEM) are applied to a variety of starting microstructural conditions and
under a variety of deformation conditions to explore the viability of LSEM as a way to produce
AA7050 sheet and plate, as well as to explore AA7050 microstructural evolution during more
common industrial deformation techniques.
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2. TYPICAL AA7050 PRODUCTION METHODS

This chapter is divided into five sections, each dedicated to a particular aspect of the typical
AA7050 production process. Each aspect of the process plays a critical role and could easily be
expanded out to its own chapter, so this chapter is merely intended to give the framework and
context necessary for the comparison with the LSEM experiments described in CHAPTERS 4-5.
Section 2.1 is focused on the alloying elements of AA7050 and their intended purposes. Section
2.2 gives an overview of the direct chill casting process. Section 2.3 describes the AA7050
homogenization process. Section 2.4 gives a summary of the major primary deformation processes
typically used on AA7050. Finally, section 2.5 highlights the solutionization, artificial aging, and
other treatments that the material undergoes post-deformation.

2.1 Alloy Chemistry of AA7050
Table 2 shows the alloy composition limits for AA7050, as it is sold by Arconic, Inc [7]. Zinc and
magnesium form MgZn2 and Al2Mg3Zn3, which are the primary strengthening particles in this
system. Copper is the other primary alloying element, and in the presence of zinc and magnesium
it greatly increases aging rate through supersaturation and nucleation of CuMgAl2 particles. It also
significantly increases quench sensitivity, or the ability to effectively quench the material after
solutionization in order to maximize the artificial aging response (this will be discussed further in
section 2.5). The greatly increased strength properties imparted by this group of elements is
demonstrated in Figure 2.1. Though copper has been shown to promote resistance to stress
corrosion cracking (SCC), all three of these elements tend to increase susceptibility to most forms
of general corrosion [8].
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Table 2.1 - Chemical composition limits (wt%) for AA7050 produced by Arconic, Inc. In
addition, up to 0.05% of any single impurity element is allowed, with a maximum total impurity
concentration of 0.15%. The balance of the material is aluminum [7].
Element Zn
Cu
Mg
Zr
Fe
Si
Mn
Ti
Cr
Min

5.7

2.0

1.9

0.08

-

-

-

-

-

Max

6.7

2.6

2.6

0.115

0.15

0.12

0.10

0.06

0.04

Figure 2.1 - Effect of zinc on aluminum alloy containing 1.5% Cu and 1 and 3% Mg; 1.6 mm
(0.064 in.) thick sheet. Alloy with 1% Mg heat treated at 495°C (920 °F); that with 3% Mg heat
treated at 460 °C (860 °F). All specimens quenched in cold water, aged 12 h at 135 °C (275 °F)
[8]. Used with permission from ASM International.
Other small but important alloying additions include chromium, manganese, scandium, and
zirconium, which each form networks of very fine intermetallic L12 precipitates. These precipitates
are very stable, and are used to inhibit grain boundary movement, and therefore recovery and
recrystallization, improving grain structure control. Titanium is typically added, especially in
combination with boron, as a grain refiner during casting. Most other elements present in this
system are impurities and are generally undesirable [8,9].
AA7050 is similar in composition to other alloys in the Al-Zn-Mg-Cu system. It is higher in copper
and zinc than AA7075, resulting in improved SCC and exfoliation corrosion resistance as a
tradeoff for lower strength. It is often compared to AA7010 and AA7150, which are all
recommended for use in thicker sections, where their excellent quench sensitivities stand out
compared to other alloys in the system.
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2.2 Direct Chill Casting of AA7050
Depending on the intended processing path and desired final shape, large cylindrical (up to 2 m in
diameter) or slab ingots (up to 2 m x 0.5 m) are cast into direct chill (DC) molds. The water used
in these molds removes heat from the system very quickly and leads to non-equilibrium
solidification and segregation. These effects generally increase in magnitude as ingot size and
casting speed increase. This system has been studied recently at Purdue by Kyle Fezi [10–13].
One of the primary effects of segregation on the as-cast microstructure is the formation of cored
primary aluminum grains. This effect occurs because of the rapid cooling rate associated with DC
casting. Dendrites form too quickly for equilibrium solidification, rejecting excess solute into the
remaining liquid as they form, resulting in a concentration gradient from the grain edge to its
center. This effect is more generally known as microsegregation.
Another major effect of segregation is the tendency for solute concentration to deplete significantly
in the center of the ingot, which is the final material to solidify. This is known as macrosegregation
and can be very deleterious to properties, as it allows for low-melting point phases to concentrate
in the center of the ingot. Macrosegregation is to be avoided as much as possible during casting,
as it is impossible to remedy during homogenization due to the required length scale for diffusion
[10,13–16].
The resultant as-cast microstructure consists mostly of cored, but equiaxed dendrite grains of aAl, with a eutectic morphology of coarse interdendritic particles marking the grain boundaries.
Observing this microstructure, especially in an industrial setting, is difficult because of the large
thermal stresses inherent to the process due to the non-homogeneous nature of heating and cooling.
These thermal stresses make it dangerous (and often against safety codes) to section samples
before they are relieved during homogenization [17]. With this in mind, Figure 2.2 shows a labscale sample as-cast microstructure.
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Figure 2.2 - Micrograph of a sample as-cast AA7050 microstructure. The gold regions are a-Al
and the black regions are coarse h (MgZn2), q (CuAl2), T (AlMgZnCu), and S (Al2CuMg) grain
boundary intermetallic phases.

2.3 Homogenization of AA7050
Homogenization of AA7050 is a complicated, multi-step process. From a microstructural
perspective, there are several goals of the AA7050 homogenization process, including to
•

reduce the magnitude of microsegregation,

•

dissolve the coarse h (MgZn2), q (CuAl2), T (AlMgZnCu), and S (Al2CuMg) grain
boundary phases, all of which are deleterious to properties, into solution,

•

precipitate fine chromium-, manganese-, and zirconium-containing dispersoids that
strengthen, limit grain boundary movement, and control recrystallization, and
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•

spheroidize the insoluble iron- and silicon-containing impurity phases that can be
deleterious to properties and cause tearing and other defects during deformation
processing.

This homogenization is a time-consuming, and therefore expensive process due to the slow nature
of the required diffusion in solids and phase dissolution and/or transformation. These processes
occur more quickly at elevated temperatures, but it is dangerous to homogenize too close to the
solidus temperature of 482°C, as incipient melting may occur in the low-melting point
intermetallic phases that have not yet dissolved. To avoid this melting, a stepped heat schedule
intended to first dissolve the low-melting point phases is often employed. In her recent work at
Purdue, Pikee Priya recommended the following schedule for homogenization of AA7050 [13–
16]:
•

Step I: Homogenize at 420°C for 10 hours to precipitate many small, stable Al3Zr
dispersoids.

•

Step II: Homogenize at 470°C, below the melting point of the h phase (478°C), for 4 hours
to insure its complete transformation into S phase.

•

Homogenize at 480°C, below the melting point of S phase (489°C), for 15 hours to dissolve
all or as much as possible of it into solution.

Figure 2.3 shows the same lab-scale sample shown in Figure 2.2, after a typical industrial
homogenization treatment as described above. Notice that the large, coarse particles that marked
the grain boundaries in Figure 2.2 have been almost completely dissolved into solution, and a
network of fine Al3Zr dispersoids has been precipitated [13,18,19].
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Figure 2.3 - Micrograph of a sample as-homogenized AA7050 microstructure. The gold regions
are a-Al. The dark regions represent various phases, including what S phase has not been fully
dissolved into solution and Al3Zr dispersoids.

2.4 Deformation Processing of AA7050
2.4.1 Rolling
2.4.1.1 Plate, Sheet, and Foil Production of AA7050
Plate, sheet, and foil (which are industry terms that indicate product thickness) formation of
AA7050 is typically done via a multi-step hot and cold rolling process. As AA7050 is typically
recommended for use in thicker sections due to its relatively high quench sensitivity, AA7050
plate is much more common than sheet or foil. For this reason, rolled aluminum products in general
will be referred to as plate for the remainder of this work, regardless of their thickness [14,20,21].
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Hot rolling steps are used initially because of the greatly decreased flow stress made possible due
to the elevated temperature, leading to a greater process efficiency. The final step (or, in some
cases, steps) is typically a cold rolling step, which has more precise dimensional control and gives
a superior surface quality to hot rolling. Similar to extrusion, there is generally a competition
between improved process efficiency and final product quality.
In particular for rolling, there exists a balance between a large enough step size to maintain
homogeneous strain near the rolls vs. in the center of the plate, the lack of which can cause a defect
known as alligatoring, and a small enough step size to avoid other rolling defects such as edge
cracking. If this balance can be achieved, the ideal rolled microstructure is banded, similar to that
seen after extrusion [14,21].
2.4.1.2 The Deformation State During Rolling
Figure 2.4 shows the deformation and friction states typically observed in the bulk of a
conventional flat rolling process.

A

B
Roll rotation
Friction applied in
opposite directions
around neutral point

Plastic deformation
zone

Figure 2.4 – A Schematic illustrating the stress state in a plane-strain flat rolling deformation
process. B 2D schematic of the frictional forces in place during a rolling operation.
The deformation state in the bulk of a flat-rolling deformation is typically assumed to be a planestrain deformation. Conservation of volume necessitates that the decrease in thickness (the zdirection in Figure 2.4A) that takes place during rolling would typically result in a dimensional
increase in the other two directions. A plane strain deformation implies that there is a stress in the
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y-direction to counteract the expected strain in the y-direction, so that ey = 0. The stress in the ydirection required to maintain the plane strain condition can be expressed in terms of the other two
stress elements as [22]:

�% =

�' + �)
2

(2.1)

In rolling, where there is significant elongation and very low stress in the x-direction, this can be
approximated as:

�% ≈

�)
2

(2.2)

This plane-strain condition is critical to the production of plate as it controls and maintains the
width of the final sheet. Control during rolling can be achieved by maintaining an appropriate
deformation zone geometry (D), especially in multi-step operations. In the case of rolling, this
geometry is defined by the ratio of the thickness of the workpiece (h) to the length that the
workpiece is in contact with the rolls (L), so D = h/L. When D is too small, the deformation is
inhomogeneous and only the outside material closest to the rolls actually gets deformed. This can
eventually lead to a defect known as alligatoring, where a tension begins to develop between the
two deformed layers nearest to the rolls and the un-affected material in the middle splits vertically.
This is demonstrated in Figure 2.5A.
When D is too large, the material at the outside of the plate gives in to the compression and spreads
or barrels out, compromising the plane-strain nature of the deformation. Enough barreling can
cause a tension in y-direction down the middle of the material and a defect known as zippering,
where the material splits like a zipper horizontally. This is demonstrated in Figure 2.5B [23].
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A

B

Figure 2.5 - Schematic illustrations of A the alligator defect observed when D is too small and B
the zippering defect observed when D is too large.
Because of the size change during the deformation, the material that exits the rolls must be moving
faster than the material that enters the rolls. This means that in the deformation zone, the speed of
the material is continuously increasing, while the speed of the rolls stays the same (somewhere
between the speed of the material entering and exiting the rolls). There is necessarily some point
in the deformation zone (labeled N in figure 2.4B) where the material is moving at exactly the
same speed as the rolls.
In the entry zone (from the first contact between the workpiece and the rolls until N) there is a
forward frictional force, as the roll is moving faster than the workpiece. In the exit zone (after the
material is past N) there is a backwards frictional force, as the roll is moving slower than the
workpiece. For the material to move forward through the rolls, the forward force must be greater
than the backward force, resulting in a net forward force through the rolls.
The presence of the backward force due to friction with the rolls (sx), the inward force needed to
maintain the plane-strain nature of the deformation (sy), and the downward force from the rolls
(sz) all together form a hydrostatic pressure in the plastic deformation zone. It is known that an
increase in hydrostatic pressure during deformation results in an increase in effective strain at
material failure, enhancing the workability of the material [23].
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2.4.2 Extrusion
2.4.2.1 Extrusion of AA7050
Compared to other Al-Zn-Mg-Cu alloys, AA7050 is relatively balanced in terms of ease of
extrudability as a tradeoff for product strength. On the industry-standard relative extrudability
scale, on which all other alloys are compared to AA6063, which is set as the standard at 100, and
increasing value indicates greater difficulty (peak load required) to extrude, AA7050 is rated at
280. This is slightly higher than the comparable AA7150 at 268, but both are much lower than
AA7075 at 316 [13,18].
With that said, given the enormous load capabilities of modern extrusion presses (up to 225 MN!),
extrudability is better used when considering process design than as a limit to alloy selection.
Assuming the press has the capability to extrude the alloy, there are still a number of factors that
influence the economics, possible shapes, and final microstructures of an extruded product [18].
Indirect (or backward) extrusion (as opposed to direct, or forward extrusion) is almost exclusively
used for hard aluminum alloys, but 7XXX alloys in particular, because the significantly reduced
friction between the workpiece and the container greatly improves the surface quality of the
product and reduces the tendency for inhomogeneous recrystallization [13,18].
Extrusion speed, extrusion ratio, and billet preheat temperature all affect the flow stress and the
Zener-Hollomon Parameter (temperature-compensated strain rate). In general, there is a
competition between process efficiency, which improves with faster extrusion speeds, and surface
quality, which generally improves with lower extrusion temperatures and slower extrusion speeds
(although a minimum combination of speed and temperature is needed to lower the flow stress
required to make the extrusion possible). This tradeoff has been characterized in literature in the
form of extrusion-limit diagrams, which highlight acceptable ranges of billet preheat temperature
and extrusion speed for given alloys, but must be calibrated for a given die shape, extrusion ratio,
and unique set of factors [13,24–29].
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Among the most significant problems when designing an AA7050 extrusion process is known as
the peripheral coarse grain (PCG) defect. This occurs when strain, strain rate, and adiabatic
temperature are all greater near the die exits than in the center of the extrudate. This effect may be
amplified as adiabatic heat from the deformation is added to the system during the extrusion,
increasing the deformation temperature from the beginning to the end of the extrudate. Even for a
material with high thermal conductivity (like aluminum) that rapidly transfers heat out of the
system via the extrudate, the temperature in both the die and the deformation zone increases
throughout the extrusion process [13,18,25,27,30].
For AA7050, there is a critical strain rate above which dynamic recrystallization can occur. The
exact mechanism of PCG formation is not agreed upon, but it is generally accepted that problems
occur when the outside of the extrudate reaches this critical strain rate but the center does not,
leading to inhomogeneous recrystallization. If these recrystallized grains are allowed to grow
(which occurs rapidly after extrusion), it is termed PCG and the properties will be negatively
affected, possibly even after subsequent heat treatments [20,27,30–32].
The ideal as-extruded microstructure features elongated grains, parallel with the extrusion
direction, and is known as banded. This microstructure is ideal because the narrow grains minimize
the diffusion distance required for subsequent solutionization and artificial aging, and also because
the <100> <111> double fiber texture is closely aligned with the extrusion direction, minimizing
problems with anisotropy [13,18–20,24–27,30–38].
2.4.2.2 The Deformation State During Extrusion
The deformation state during extrusion depends strongly on the shape being extruded. For
simplicity and for contrast with flat rolling, this work will simply address axisymmetric extrusion.
The stress state during axisymmetric extrusion differs from rolling in that sy = sz, rather than sz/2
(referring to the coordinate system in Figure 2.4A). In addition, axisymmetric deformation differs
from plane-strain deformation in that the magnitude of the frictional effect is larger due to
increased contact with the die (and the container, in direct extrusion) [23].
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For the material to move forward during extrusion, this frictional force must be overcome by the
force of the ram. Compared to plane-strain processes such as rolling, the magnitude of friction and
the magnitude of the resultant hydrostatic pressure during are larger, given the same D. This
implies that extrusion can deform materials at a larger effective strain or deformation ratio without
cracking than rolling can.
2.4.3 Forging
AA7050 is also forged for certain thicker section applications. The as-forged microstructure is
quite different than those of extrusion or rolling due to the significant difference in flow type. For
this reason, forged AA7050 is not a focus of this work.

2.5 Post-Deformation Heat Treatment
2.5.1 Solutionization
Although AA7050 is relatively quench sensitive relative to other Al-Zn-Mg-Cu alloys, it is not
possible to press quench any 7XXX aluminum alloy fast enough to keep everything in solution
due to the large sections in typical industrial settings (in lab-scale experiments press quenching
may be possible). It is therefore always necessary to have a separate solutionization heat treatment
after deformation processing. This solution treatment occurs at 470-480°C and is followed by a
hot water quench to minimize thermal stresses [39].
2.5.2 Stretching
What residual stresses remain from the hot rolling process (due to the inhomogeneous, incremental
nature of the process as well as differential cooling) are relieved via mechanical stretching 1-5%
prior to artificial age hardening. Some form of stress relieving treatment is done after any type of
deformation process, although it may differ in form depending on the process [7,14,39–44].
2.5.3 Natural and Artificial Aging
Ideally, this solutionized and stretched material (temper designation –W51, where –W represents
solutionization and –x51 represents a stretching treatment) is immediately formed into its final
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shape, prior to artificial aging, to avoid the natural aging that occurs rapidly in Al-Zn-Mg-Cu alloys
at room temperature. Alternatively, -W51 sheet or plate can be refrigerated at -18°C (0°F) prior to
forming to prevent natural aging. In cases where immediate forming or refrigeration are not
possible, material is typically either formed as-is after artificial aging or heated slightly for
forming. In cases where material is re-heated, great care must be taken to guarantee that proper
artificial aging response and final product properties [7,40,43].
AA7050 is typically sold in the overaged condition, with the temper designations either –T7451
or –T7651. Overaging (-T7) is chosen as a compromise between slightly decreased maximum
strength (as compared to the formerly-used –T6 temper) and greatly increased stress corrosion
cracking (SCC) and exfoliation cracking resistance. The two available tempers both feature a twostep artificial aging treatment of 3-6 hours at 120°C and 12-30 hours at 165°C. The –T7451
treatment features a longer soak at 165°C, resulting in slightly lower strength, but better SCC
resistance [7,39,44].
The expected microstructure of AA7050-T7 plate features elongated grains aligned with the
rolling/extrusion direction. These grains are ideally relatively homogeneous in size but are
sometimes smaller near the surface of plate/extrusion due to dynamic recrystallization in regions
of increased deformation during inhomogeneous hot rolling. The grain boundaries are typically
marked by somewhat coarsened MgZn2 and Al2Mg3Zn3 particles that form preferentially along
grain boundaries prior to formation of fine Al3Zr precipitates within the grains.
The microstructure of an AA7050-T7651 plate is shown below in Figure 2.6. Note that the banded
grains in the rolling direction (right to left) have almost all been recrystallized into small,
homogeneous grains. There are a few large, un-recrystallized grains, which is to be expected, as
grains typically recrystallize preferentially as a function of crystallographic orientation [20,27,30–
32,38].

18

Figure 2.6 - AA7050-T7451 plate as-received from McMaster-Carr, Inc. The light regions are aAl grains, with dark grain boundaries marked by fairly coarse MgZn2 and Al2Mg3Zn3 particles.
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3. FUNDAMENTALS OF MACHINING

This chapter describes the basic mechanics of simple shear deformation through machining. First,
the basics of conventional free machining (FM) are discussed. This is then contrasted with a
modified form of machining known as large strain extrusion machining (LSEM), which employs
a constraining tool in addition to the cutting tool to pre-define both the cut depth and the chip
thickness. This results in a plane strain cutting-extrusion hybrid deformation that can be controlled
to impose a range of strains, strain rates, hydrostatic pressures, and adiabatic temperature rises on
a given material.
After providing a background and context for each process, their relative advantages and
disadvantages will be highlighted, especially as they relate to other, more conventional AA7050
deformation process discussed in CHAPTER 2. This discussion will provide the framework
necessary for the experiments discussed in CHAPTERS 4-5.
Note that analytical models detailing expressions for certain process parameters have been
thoroughly and rigorously described in previous works by Moscoso, Efe, Sagapuram, and others
at Purdue, and are merely summarized in this work [3,45–48].

3.1 Free Machining and Shear Deformation Models
Free machining is defined by a sharp, wedge-shaped cutting tool, which contacts a workpiece at a
preset depth (to) and rake angle (a) with the surface at constant surface velocity (V). This causes
a chip with thickness tc to form at an angle with the workpiece. This chip thickness is usually
normalized by the uncut chip thickness (to) and expressed as the chip thickness ratio (l = tc/to).
Figure 3.1 shows a schematic of free machining, including important aspects of process geometry.
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Figure 3.1 – 2D schematic of free machining.
During free machining, intense (strain rates as high as �̇ ~ 103 s-1) shear deformation extends from
surface to surface of the very narrow deformation zone geometry (D, thickness ~ 50-150 µm –
small enough that it is often idealized as a shear plane – shown in blue in Figure 3.1) at shear angle

f, relative to the workpiece. This intense shear results in material flow at an angle f’ relative to
the strip. This angle, defined as the direction of maximum elongation, is closely related to (but not
the same as) the shear angle (shown in Figure 3.1). These expressions can be expressed in terms
of process geometric parameters by [49,50]:
1 cos �
� = tan01 2 5
<=
� � − sin �

(3.1)

� > = 90° + � − �

(3.2)
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The intense shear also causes the material at the free surface (away from the cutting tool) to distort
and/or fracture from the workpiece repeatedly as the chip forms, so that this surface appears wavy,
segmented, or rough. In contrast, the surface that is contacted with the cutting tool is typically
smooth and shiny. The exact mechanism of chip formation and the final free surface profile can
generally be characterized in terms of the type of material flow, which falls into one of four major
categories [23,51–54]:
•

Laminar flow is smooth through the primary shear in the deformation zone. This flow type
is typical when there is no or little friction between the cutting tool and the workpiece (e.g.
lubricated contact).

•

Sinuous flow is irregular and rough throughout the chip, and is manifested in the form of a
free surface profile that is quite rough and irregular. This flow type occurs when cutting
tool-workpiece friction dominates, but the material is tough enough that cracks in the free
surface do not propagate into the chip after formation.

•

Segmented flow also occurs when there is significant friction between the workpiece and
cutting tool, but cracks in the free surface do propagate into the chip after formation. Severe
segmentation can sometimes lead to discontinuous chips.

•

Shear banding is a form of flow localization and is the result of a tradeoff between heat
softening and strain hardening. It occurs when a given band of material is sheared along
the primary shear plane and responds by strain hardening. This band is now relatively
harder than the adjacent bands of material (i.e. the next material to enter the deformation
zone), so these adjacent bands are more apt to deform. This deformation necessarily causes
local adiabatic heating, which softens the deforming band and makes it even easier to form
relative to the next band of material to enter the deformation zone. The next material to
enter the deformation zone has been sheared to some extent (and therefore strain hardened)
due to its proximity to the deformed band, and these bands continue to alternate as the
deformation proceeds, resulting in an inhomogeneous microstructure of hardened and
softened material and a correspondingly wavy free surface profile.

Whatever the flow type, the primary shearing that occurs during chip formation is controlled by
the flow stress of the material, which makes it a function of both the shear strength of the material
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(material property) and the cutting speed and temperature (process parameters). The formation of
the rough surface controls the cut chip thickness (tc) and therefore the chip thickness ratio (l). This
means that l is also a function of material properties and cutting speed and temperature. For any
particular FM experiment, l is frequently referred to as natural lambda (lnat) to contrast with
LSEM, in which lambda is imposed (limp).
When the deformation zone is idealized as a single shear plane, an analytical solution of an upperbound model yields the following expressions for shear strain and von Mises effective strain during
deformation [46,48]:
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This implies that effective strain can be calculated easily, as a function of geometric system
parameters (a and to) and tc, which can be measured easily after deformation. Note that, due to the
rough nature of the free surface, tc is not constant and is typically represented as an average value
for FM.

3.2 LSEM
3.2.1 LSEM Mechanics
Large strain extrusion machining (LSEM) is a modification of the FM process that employs a
constraining tool in addition to the cutting tool to pre-define both the cut depth (to) and the cut chip
thickness (tc). This means that, unlike during FM, the chip thickness ratio (l) during LSEM is
determined a priori (limp). Material flow is constrained by the constraining tool, suppressing the
sinuous or segmented flow that can occur at the free surface during FM. As a result, both surfaces
of the continuous chip are quite smooth and tc (and therefore limp) is constant. Figure 3.2 shows a
schematic of a typical rotary LSEM setup.
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Figure 3.2 - Schematic of a rotary LSEM process. After [46].
Because l can be controlled a priori, unlike during FM, all of the variables in equations 3.3 and
3.4 can now be defined before an LSEM operation, meaning that effective strain can be predetermined by:
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(3.5)

This means that LSEM can be manipulated to create a continuous chip that has undergone a predetermined effective strain and has a particular final thickness. This makes LSEM very powerful
from an academic point of view, as it is quite rare (especially on an industrial scale) for any process
to have such a homogeneous and controllable deformation path. This potentially allows for a wide
range of microstructures that can be imposed and controlled by the user.
3.2.2 Hydrostatic Pressure
Another benefit of deformation path control during LSEM is the ability to impose, and control,
hydrostatic pressure as a function of deformation geometry during chip formation. Effective strain
during LSEM (or FM) is minimized when l = 1 (no effective shape change), but peak hydrostatic
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pressure (which occurs at material enters the deformation zone) increases significantly during
LSEM as l decreases [55]. This is illustrated in Figure 3.3 for LSEM when a = 5°.

r/k, a = 5°

�,̅ a = 5°

Figure 3.3 - Strain and hydrostatic pressure (normalized by material shear strength) versus chip
thickness ratio. Strain reaches a minimum at l = 1 and increases with increasing or decreasing l,
while hydrostatic pressure increases with decreasing l. Note that hydrostatic pressure in rolling is
confined to k, while peak hydrostatic pressure possible with LSEM >4k. After [45].
Effectively, the cutting-extrusion hybrid nature of the deformation can allow for a much larger
hydrostatic pressure than what is typically possible in plane strain processes. LSEM can reach a
theoretical peak hydrostatic pressure more than four times larger than what is possible in rolling,
allowing for much greater deformation ratios [56–59].
3.2.3 Adiabatic Temperature Rise
A final advantage of the LSEM process is the intense, near-adiabatic heating that occurs rapidly
during deformation due to the large strains and high strain rates present in a the very narrow
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deformation zone. Average deformation zone temperature due to adiabatic heating (T) can be
estimated using a heat source analysis and a shear plane assumption as [45,46]:

� = �Q

(1 − Γ)
+ �W
��

(3.4)

In this analysis, To is the initial workpiece temperature (typically room temperature (25°C), unless
the workpiece has been preheated), ρ is density (2.83 g/cm3 for AA7050), c is specific heat capacity
(0.86 J/g°C for AA7050), Γ is the fraction of heat generated at the shear plane that enters the
workpiece (a function of the chip geometry, thermophysical material properties, cutting velocity
(Vo), and l, which ranges from ~0.05-0.6 in this work [46,55]), and µs is the shear energy per unit
volume dissipated at the shear plane during chip formation – determined via in-situ cutting force
measurements with a dynamometer normalized by the cross-sectional area of the chip as:
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(3.5)

Fs is the shear plane component of the measured cutting force (Fc) and As is the area of the shear
plane. The approximation on the right side of equation 3.5 is based on the experimentally
confirmed observation that 2/3 of the energy of chip formation is dissipated at the shear plane
[47,54].
These equations have been verified experimentally and take into account heating due to friction at
the tool-face interface, as well as adiabatic heat loss at that interface. The material is only exposed
to this temperature for the amount of time it spends in the deformation zone, which can be as short
as 10 ms. After the material is carried away as part of the chip, it cools rapidly. Previous
observations have shown that deformation temperatures tend to increase with increasing Vo (at
constant l and α) and decreasing l (at constant Vo) [3,47,54].

26
3.3 Friction and Secondary Shear during LSEM
3.3.1 Control of Friction during LSEM
An important disadvantage of LSEM is the presence of friction between the workpiece and the
cutting and constraining tool. This results in the formation of secondary shear zones, in which
friction dominates material flow, at both chip surfaces. Secondary shear and friction are not
considered by the shear plane assumption model discussed previously. There are several aspects
of a machining process that can be modified to affect the magnitude or type of friction, and
therefore the size and shape of the secondary shear zones, including [51–54]:
•

lubrication (although lubricants are typically not used with aluminum because it
significantly decreases surface quality and can potentially severely limit corrosion
resistance [13,18,27]),

•

workpiece and cutting tool materials,

•

tool rake angle,

•

cutting speed, and

•

heat and temperature control.

Friction-dominated flow in the secondary shear zones during LSEM is analogous to material flow
in conventional extrusion, where friction dominates material flow near the die exits and potentially
results in PCG. In both cases, the exact mechanism of friction is still up for debate, but the stickingsliding model is generally accepted as true [18]. Also, in both cases, friction and deformation cause
adiabatic heating over the course of the process. In both cases, a significant portion of the heat is
carried away by the chip/extrudate due to the high thermal conductivity of aluminum, but some of
the heat remains in the cutting tool/die, raising its temperature.
3.3.2 LSEM Defects
3.3.2.1 The Built-Up Edge Defect
The built-up edge defect occurs when excessive sticking friction causes the workpiece material to
adhere and build-up layer-by-layer at the tip of the cutting tool. While this built-up formation is
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present, the deformation conditions are affected as the sharp cutting tool is blunted and the
effective rake angle is changed. This built-up formation grows until it is unstable, when it breaks
off and sticks to the cutting tool surface of the strip, resulting in a rough surface finish. In some
cases, the resultant surface merely appears rough – in severe instances, jagged built up edge defects
are clearly visible, jutting out from the surface. Figure 3.4A shows a schematic diagram of a where
a built-up edge typically forms, and Figure 3.4B shows a severe example of the built-up edge
defect.

Figure 3.4 - A Schematic illustration of a built-up edge formation at the tip of the cutting tool. B
An example of severe built-up edge defects at the cutting tool surface of a free machined chip.

3.3.2.2 The Side Coiling Defect
The side coiling defect is a similar defect to zippering that can occur in rolling when the planestrain condition is compromised and barreling at the edges of the sheet lead to a tension towards
the edges of the strip that can eventually tear the sheet apart horizontally. This can occur in
machining in severe instances, but the side coil defect is much more common as the increased
motion relative to the cutting tool (compared to motion relative to the rolls in rolling) that maintains
the plane-strain condition so well in the bulk of the strip also provides a great environment for
barreling at the edges of the material. This barreling provides a tensile force, which combines with
the sharp adiabatic temperature rise during deformation to make it quite favorable for side coiling
to occur.
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Figure 3.5 - A free machined strip featuring the side coil defect.

3.4 AA7050 Plate Formation via Machining
While both LSEM and conventional rolling are capable of producing AA7050 sheet, LSEM differs
from the conventional rolling method in a number of important ways. At the process level, the
single step deformation nature of LSEM means that this process could be more energy-efficient
than a multi-step process (and requires a much smaller infrastructure investment), especially when
considering material heating that required between and during steps. The relative efficiency of
machining-based vs. rolling-based plate formation has not been verified – machining-based
processing must first be scaled up to perform deformations of similar sizes to those already done
in rolling. Despite that, the extreme difference in the nature of processing, combined with the
different resultant microstructure make machining-based plate production an intriguing process
that is worth investigating.
Microstructurally, the material flow during LSEM is oriented close to the primary shear plane, at
an angle with the orientation of the chip. This contrasts with the elongated grains aligned with the
rolling direction – and the sheet as a whole – observed during conventional hot rolling. This
difference in microstructural orientation may lead to improved tensile strength and/or workability
compared to rolled plate.
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This improvement in properties is merely speculation and must be verified but is based on the idea
that LSEM grains at an angle with the strip have room to elongate in the strip direction, while the
already-elongated grains in rolling do not. Effectively, the sheared LSEM grains have an
opportunity to re-shear back in the other direction if oriented correctly. This speculated mechanism
is illustrated in Figure 3.6.

Figure 3.6 - Speculated mechanism for improved properties of LSEM plate vs. rolled plate.
This work is focused on AA7050 as a model system to study shear-based deformation of 7XXX
alloys. While the aluminum plate industry is well-established and shear-based deformation is
unlikely to supplant conventional rolling as a method of producing plate material, LSEM remains
a promising technique. The differences between the two processes in terms of both process
efficiency and resultant microstructure offer several promising avenues for exploration, from both
an academic perspective and possibly for certain niche applications. General topics of interest
include:
•

the effect of AA7050 starting microstructure on chip formation during shear-based
deformation, and how geometric deformation parameters affect and limit the process
(CHAPTER 4),

•

the effect of deformation temperature on chip formation, and how elevated temperature
LSEM compares to other high-temperature deformation processes such as rolling and
extrusion (CHAPTER 4),

•

the role of the homogenization process on the production of AA7050 plate via LSEM
(CHAPTER 5),
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•

evaluation of AA7050-T7651 plate created via LSEM and a comparison to cold rolled plate
(CHAPTER 5), and

•

analysis of AA7050 microstructural evolution during LSEM to learn about other 7XXX
aluminum deformation processes (CHAPTERS 4-5).
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4. SHEAR DEFORMATION OF HARDENED AND SOFTENED AA7050

This goal of this chapter is to fully investigate the fundamental issue regarding the effect of starting
microstructural condition on chip formation during shear deformation of AA7050 via machining.
Specifically, this chapter will focus on LSEM behavior of an AA7050-T7651 starting condition in
order to demonstrate and explore the capability of the LSEM process on a low-workability alloy.
This has been reported for several other materials, including iron-silicon alloys, copper-manganese
alloys, titanium alloys, and 6XXX aluminum alloys, but has never been explored in 7XXX
aluminum alloys [6,15,49,60].

4.1 Experimental
The starting material used in this experiment was a 12.7 mm thick AA7050-T7651 plate purchased
from McMaster-Carr. The composition of the material was according to ASM Specification 4050
and is listed in Table 4.1. Note that this specification differs slightly from the composition of
material provided by Arconic, inc. (shown in Table 2.1), with a zirconium content of up to 0.15%
rather than 0.115%. The effect of zirconium on AA7050 is significant, especially during elevated
temperature deformation, and has been studied recently at Purdue by Yiwei Sun [19,28,61].
Table 4.1 - Chemical composition limits (wt%) for AA7050 according to ASM Specification
4050. In addition, up to 0.05% of any single impurity element is allowed, with a maximum total
impurity concentration of 0.15%. The balance of the material is aluminum [62,63].
Element Zn
Cu
Mg
Zr
Fe
Si
Mn
Ti
Cr
Min

5.7

2.0

1.9

0.08

-

-

-

-

-

Max

6.7

2.6

2.6

0.15

0.15

0.12

0.10

0.06

0.04

The microstructure of this as-received plate (which will be referred to as T7-temper plate in this
work) is shown in Figure 4.1A. In addition, this material was annealed and slow cooled at 404°C
for 2 hours – according to US Military and ASM standards [39,41,44], in order to investigate the
effectiveness of the LSEM process on a softer, higher workability material. The microstructure of
the annealed material (referred to as O-temper plate) is shown in Figure 4.1B.

32

A ‘T7-temper plate’ - Hv = 160

B

‘O-temper plate’ - Hv = 81

C

Rolling direction

A

X
D

Workpiece rotation

Constraining tool

Cutting tool

Figure 4.1 - A T7-temper plate: AA7050-T7651 1.3 cm thick plate. Hv = 160 kg/mm2. B O-temper
plate: AA7050-T7651 1.3 cm plate annealed 120 minutes at 480°C then furnace cooled at 2-2.5
C/min. Hv = 108 kg/mm2. C Orientation of plate and cylindrical workpiece machined from plate.
Both microstructures are from the face of the plate marked with ‘X’ – the short face aligned with
the rolling direction. D Labeled LSEM setup on the lathe at Purdue.
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Both starting materials were machined into a cylindrical workpiece 8-15 cm in diameter and 0.50.7 cm thick (as shown in Figure 4.1C) and mounted on a lathe (as shown in Figure 4.1D). While
the current capability of our equipment at Purdue is limited to the production of lab-scale strips
(limited by the 5-horsepower lathe in use), the LSEM process is fundamentally scalable in that the
strips produced in this work are often smaller than 1 mm thick, but they contain all of the
microstructural features that would be expected in this process regardless of scale. Work to
experimentally verify the scalability of the LSEM process is currently in progress at Purdue.
For each starting material, free machining was performed with cutting speeds (Vo) ranging from
1-6 m/s. Each cut strip was sectioned (as shown in Figure 4.2) down the middle of the strip in order
to observe the material flow direction and avoid the edges of the strips where the plane-strain
condition may not be guaranteed. Sectioned strips were then mounted face down into 1.5-inch
epoxy pucks, for polishing, microstructural analysis, hardness testing, and lnat measurement.

Desired face
f’

Chip flow direction
Material flowlines in direction of maximum elongation

Figure 4.2 - Schematic showing the desired face of a FM or LSEM strip for when sectioning a
sample to be mounted in epoxy.
Samples were polished for metallography with silicon carbide paper with grit sizes 320, 400, 600,
800, 1200, and 2000, followed by 0.05 µm alumina particles and 0.02 µm colloidal silica particles
on napped cloths. Some samples were etched with Graff and Sargent’s reagent to reveal second
phase particles, especially coarse particles that typically mark grain boundaries [64].
Measured tc (and lnat) values were obtained via image analysis in ImageJ as an average of 10
systematically obtained measurements. Rockwell B tests for large enough samples (bulk materials)
were performed on a Wilson Rockwell Hardness Tester with 10 indents per sample. For samples
too small (including all FM and LSEM samples) for Rockwell B, Vickers hardness (Hv) results
were obtained using a Leco LM247AT microhardness tester with 10 indents at 50 g or 100 g load
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per sample (depending on sample size – 100 g was used whenever possible), at least 2.5d from
each other and the edge of the sample.
Results from FM experiments, including lnat, were then used to inform limp and cutting speeds
to be used in subsequent LSEM experiments. For all FM and LSEM experiments, the cutting tool
was made from hardened M2 steel (typical for work with aluminum [13,18,54]), had a rake angle
(α) of 5°, and an uncut chip thickness (to) of 0.254 mm (0.01 inches). Lubrication was never used
as it is never used with aluminum in industrial practice due to problems with surface quality.

4.2 T7-Temper Plate Material
4.2.1 FM Experiments at Room Temperature
Continuous free-machined chips were created from the T7-temper plate material at cutting speeds
(Vo) of 1, 4, and 6 m/s. Table 4.2 shows a summary of measured natural chip thickness ratio (λnat)
and chip Vickers Hardness (Hv) data for each of those cuts.
Table 4.2 - Summary of data for free machining experiments on T7-temper plate material.
Vo (m/s)
λnat
Hv
T7-temper plate
Starting Hv = 160

1

1.35

144

4

1.26

141

6

1.00

150

As cutting speed increases, tc and λnat tend to decrease. This is typically observed due to the reduced
impact of sticking friction as cutting speed increases. Sticking friction is manifested in the material
as localized secondary shear in addition to the primary shear. This extra shear energy associated
with increased secondary shear is relieved during the deformation by a larger overall deformation,
meaning a thicker tc.
The material softened slightly at all three cutting speeds due to adiabatic heating. T7-temper
material is much more likely to soften due to adiabatic heating and recovery than it is to strengthen
via cold working because it is already so hard. The energy required to deform the material
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necessitates a large adiabatic temperature rise and the post-peak hardness nature of the starting
microstructure means that any heat will cause the second phase particles to coarsen further,
reducing their strengthening effect. Figure 4.3 shows microstructures for all three cuts.

A

B

C

Figure 4.3 - Microstructures for free-machined chips made with varying cutting speed from T7temper plate material. A Vo = 1 m/s, B Vo = 4 m/s, C Vo = 6 m/s. The cutting tool face is at the
bottom of each image and material flow is to the right.
All three FM cuts feature fairly smooth surfaces at the cutting tool face and rough free surfaces. In
all three cases, the material flowlines are at an angle with the chip. This effect is better
demonstrated via LSEM and is described more thoroughly in the following section. The
conclusions from this experiment on FM of T7-temper plate material are that cutting of this very
hard material up to a large strain (as large as 𝜀̅ = 1.11) is possible and results in a continuous strip.
While the strip cut at Vo = 1 m/s turned out well, the slow speed and large λnat mean that constraint
to a smaller λ could be limited by sticking friction. For this reason (as well as knowledge about the
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difficulty of machining at slow speeds due to sticking friction), LSEM was performed only at
cutting speed values of Vo = 4 m/s and 6 m/s.
4.2.2 LSEM Experiments at Room Temperature
With the FM results in mind, cutting speed values of Vo = 4 m/s and 6 m/s were both chosen for
LSEM experiments, at λimp values of 0.8 and 1 in order to obtain a fully constrained strip where
possible. These experiments were performed with the cutting and constraining tools mounted on a
Kistler Type 9257B dynamometer to obtain force cutting measurements and deformation zone
temperatures according to equations 3.4 and 3.5 and assuming room temperature is 25°C. Table
4.3 lists a summary of LSEM data for the T7 material, and Figure 4.4 shows microstructures.
Table 4.3 - Summary of data for LSEM experiments on T7-temper plate material.
Fc (N)
T (°C)
Vo (m/s)
λimp
Hv
4

0.8

141

445.9

275

T7-temper plate

4

1

145

317.2

262

Starting Hv = 160

6

0.8

148

404.5

279

6

1

146

330.02

276
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A

Constraining tool face

B
Constrained flow zone
Direction of
gation
maximum elon
ne

zo
Secondary shear

Cutting tool face

C

D

Figure 4.4 - Microstructures for LSEM chips made with varying cutting speed from T7-temper
plate material. A Vo = 4 m/s, λ = 1.0 (labeled to identify different flow zones); B Vo = 4 m/s, λ =
0.8 (labeled to identify different flow zones); C Vo = 6 m/s, λ = 1.0; D Vo = 6 m/s, λ = 0.8. The
cutting tool face is at the bottom of each image and material flow is to the right.
Given the high hardness (Hv = 160) and therefore low workability of this material, most common
deformation processes are not possible on AA7050. Remarkably, all four LSEM strips created
from the AA7050-T7-temper plate material were successful, thanks to the large hydrostatic
pressure and high deformation temperature in LSEM. From Equation 3.3, the effective strains that
occur in the bulk of the chip during deformation are 𝜀̅ = 1.09 and 𝜀̅ = 1.06 for λ = 0.8 and λ =
1.0, respectively. Conventional rolling is unable to achieve such a large effective strain with this
material, especially in a single step.
The microstructural features marked in these micrographs are the overaged MgZn2 and Al2Mg3Zn3
particles that form preferentially along grain boundaries, revealed by etching. They reveal the
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material flow during LSEM, which typically features 3 distinct zones as labeled in Figure 4.4A-B.
In the bulk of the strip, the material is sheared along the primary shear plane, forming flowlines in
the direction of maximum elongation (equations 3.1 and 3.2). At the cutting tool face, friction with
the cutting tool dominates flow – this friction-dominated flow region is known as the secondary
shear zone. At the constraining tool face of the strip, friction with the constraining tool dominates
flow. This is technically also a secondary shear zone, but is typically referred to as the constrained
zone.
Achieving a strip with smooth surfaces at both the cutting tool face and the constraining tool face
(necessary for product quality and comparison with conventional rolled plate) proved difficult,
especially at Vo = 6 m/s, where the material at the constraining tool face is rough, indicating
sticking friction-related flow problems. At Vo = 4 m/s, both strips were fully constrained and had
smooth surfaces.
The deformation temperatures seen in these experiments range from T = 262-279°C (DT = 237254°C) and the Vickers Hardness values range from 141-148. These results align well and confirm
that the material softened due to heat relaxation. In general, for a faster cutting speed and the higher
effective strain, the corresponding deformation temperature increased.
4.2.3 Comparison to Cold Rolling
For comparison, the same T7-temper plate material was rolled on a Stanat 10.2 cm diameter x 15.2
cm wide 2-high rolling mill at room temperature to further demonstrate the ability of LSEM to
process low-workability materials. A 2.54 mm thick strip of the material was cold-rolled 3 passes
at ~25% deformation per pass to a final thickness of 0.90 and a total effective true strain of -1.04.
The results of this experiment, along with an appropriate LSEM chip of T7-temper plate (effective
strain 1.03 in a single pass) for comparison are summarized in Table 4.4 and shown in Figure 4.5.
Table 4.4 - Summary of LSEM vs cold rolling experiments for T7-temper plate material.
|𝜀̅|
Deformation type Number of passes
Hv
T7-temper plate
Starting Hv = 160

LSEM

1

1.03

147

Cold rolling

3

1.04

187
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A

C

B

D

Figure 4.5 - A, C Microstructure and photograph of rolled T7-temper plate material – rolled to a
total effective strain of -1.04 in 3 passes. B, D Microstructure and photograph of LSEM T7-temper
plate material – deformed to a total effective strain of 1.03 in a single pass.
While both materials feature two relatively smooth and shiny surfaces, the resultant
microstructures are quite different. As expected, the T7-temper plate material features an even
more elongated version of the original elongated T7-temper plate material, while the T7 grains
have been sheared across the primary shear plane. The rolled material has been cold worked up to
a hardness of Hv = 187, while the LSEM material has been somewhat heat relaxed to a hardness
of Hv = 147.
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The most striking difference between the two strips is the macroscopic appearance of the two
strips. While the LSEM strip is long and continuous, the rolled strip failed catastrophically during
the third rolling pass. This failure, often referred to as zippering, is a result of the loss of the plane
strain condition and a resultant tensile forces transverse to the rolling direction (described in
section 2.4.1.2. This highlights the power of the elevated hydrostatic pressure aspect of the LSEM
process, allowing deformation of materials that is otherwise impossible.
4.2.4 LSEM Experiments at Elevated Temperature
LSEM was performed on the T7-temper plate material at elevated temperatures in an attempt to
observe the relationships between deformation temperature, effective strain, cutting speed, and
microstructural evolution. For these elevated temperature experiments, the material was loaded on
the arbor of the lathe and preheated in a box furnace to 400°C. Once heated, the arbor and
workpiece were loaded into the lathe as they cooled down to the desired starting temperatures.
These temperatures were selected to try to deform the material in the typical hot deformation range
for AA7050 of 400-475°C, ensuring a temperature below the solidus point at 482°C. Experiments
on this material at room temperature (in section 4.2.2) revealed a temperature change of DT = 237254°C. Given the lowered flow stress associated with an elevated temperature, it was assumed that
the adiabatic temperature rise during elevated temperature deformation would be smaller than at
room temperature. This led to the conclusion that a starting temperature in the range of To = 200300°C would result in an appropriate deformation temperature.
The elevated temperature cuts were also made with the cutting tool mounted on a Kistler Type
9257B dynamometer for force cutting measurements intended for use with equations 3.4 and 3.5
to calculate average deformation zone temperature. Table 4.5 summarizes the data from the two
elevated temperature experiments, and Figure 4.6 shows micrographs and photographs of the
results.
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Table 4.5 - Summary of elevated temperature LSEM experiments on AA7050-T7 plate.
Fc (N)
To (°C)
T (°C)
Vo (m/s)
λimp
T7-temper plate

4

0.8

200

445.9

343

Starting Hv = 160

4

1

300

317.2

416

A

B

To = 200°C

C

To = 300°C

D

Figure 4.6 - A,C Elevated temperature LSEM strip from T7-temper plate material at Vo = 4 m/s, λ
= 1.0, and To = 200°C. B,D Elevated temperature LSEM strip from T7-temper plate material at
Vo = 4 m/s, λ = 1.0, and To = 300°C.
The results from these experiments are hard to interpret. At both preheat temperatures, the material
sprayed out through the LSEM channel, as show in Figure 4.6A-B. The spray at To = 300°C came
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out as finer pieces than the spray at To = 200°C, but both strips were highly discontinuous. Despite
force cutting measurements and the temperature model in equations 3.4 and 3.5, which indicated
that the deformation temperature would remain below the solidus temperature of 482°C, it appears
that incipient melting took place in these experiments. Some of the more continuous sprayed
particles were mounted for microstructural analysis – these are shown in Figure 4.6C-D. Melting
is not apparent in these microstructures, but it is notable that the second phase particles are
significantly coarser than after room temperature deformations.
These poor results are in contrast with those observed by Yiwei Sun during conventional hot
extrusion of AA7050. In her experiments, the material was preheated to temperatures from 440520°C and reached exit zone deformation temperatures from 440-528°C (measured via
thermocouple) [27]. Not only do her results reveal a much lower DT than LSEM (up to 8°C in
extrusion vs. apparently as high as 280°C in LSEM), but it also appears that any incipient melting
during extrusion (which must have taken place at temperatures above 482°C) was controlled
enough to limit tearing and poor extrudate surface quality.
While the strain rates in LSEM are much higher than those in conventional extrusion, they are not
high enough to explain this large of a difference in temperature rise. It is more likely that this
difference is due to experimental error, such as the inability to accurately measure the temperature
of a workpiece on a rapidly moving lathe, or inhomogeneity of the temperature within the chip.
This inhomogeneity exists due to differences in forces and friction with the cutting tool vs. the
constraining tool, and may result in large differences between the average deformation temperature
(reported by the model) and the actual local deformation temperature values.
4.3 O-Temper Plate Material
4.3.1 FM Experiments
Continuous free-machined strips were created from the O-temper plate material at cutting speeds
(Vo) of 1, 4, and 6 m/s. The measured natural chip thickness ratio (λ) and Vickers Hardness data
for each of those cuts are summarized in Table 4.6.
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Table 4.6 - Summary of data for FM experiments on O-temper plate material.
Vo (m/s)
λnat
Hv
O-temper plate
Starting Hv = 81

1

1.5

113

4

1.1

110

6

1.0

102

For all three cutting speeds, hardness increased from the starting condition due to strain hardening.
The trend of λnat and Hv both decreasing slightly with an increase in Vo continues, as expected.
Figure 4.7 shows microstructures for these three FM cuts.

A

B

C

Figure 4.7 - Microstructures for FM chips made at varying cutting speeds from O-temper plate
material. A Vo = 1 m/s, B Vo = 4 m/s, C Vo = 6 m/s. The cutting tool face is at the bottom of each
image.
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The strip that was formed at Vo = 1 m/s shows surface roughness along the bottom of the strip,
indicating issues with sticking friction. At faster cutting speeds, this phenomenon is not seen. At
all three cutting speeds, the free surface is irregular and segmented, indicating either sinuous flow
or segmented flow.
Microstructurally, the grains in the O-temper plate material were not marked by the second phase
particles as they were in the T7 material, making grain structure evolution difficult to evaluate.
Instead, large S-phase particles that precipitated and coarsened during annealing and slow cooling
dominate the microstructure. During free machining, these particles shear along the primary shear
plane. These flow paths along the primary shear plane are particularly visible in Figure 4.7A.
4.3.2 LSEM Experiments
In order to avoid the built-up edge phenomenon, a cutting speed of 4 was used for LSEM
experiments. The λnat of this material at 4 m/s was 2.2, so λimp values of 0.8, 1.0, and 1.5 were used
to ensure a fully constrained chip. Table 4.7 contains a summary of the data from LSEM cuts, and
Figure 4.8 shows microstructures for the LSEM chips formed from this material.
Table 4.7 - Summary of data from LSEM chips formed from O-temper plate material.
Vo (m/s)
λimp
Hv
O-temper plate
Starting Hv = 81

4

0.8

92

4

1.0

105

4

1.5

83
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A

B

C

Figure 4.8 - Microstructures for LSEM chips made with varying cutting speed from O-temper plate
material. A λ = 0.8, B λ = 1.0, C λ = 1.5. The cutting tool face is at the bottom of each image.
A smooth, fully constrained LSEM cut was achieved at both λ = 1 and 1.5, but not at λ = 0.8. At
λ = 1 and 1.5, friction dominates material flow at both the cutting tool and constraining tool faces
– this is demonstrated by the secondary shear zones at each face. In the bulk of the strip the flow
lines align with the primary shear axis.
The rough condition at λ = 0.8 is due to significant, inhomogeneous sticking friction and adiabatic
temperature rise. While this chip appears to be segmented like an FM chip, it is important to note
that the flow has still been affected by the constraining tool, and is very different than that during
FM. The roughness is due to the built-up edge phenomenon of a constrained surface, rather than
sinuous or segmented flow of a free surface.
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It is interesting to note that that hardness values observed during this experiment follow the trend
demonstrated in Figure 3.3. It is known for these processes that effective strain is the lowest at λ
= 1, because that is the least overall shape change. In this case, the reduction in effective strain
means that the chip was least affected by adiabatic heat, and was therefore the least heat-softened
of the three chips.

4.4 Discussion
The LSEM process was successfully applied to produce continuous strips from AA7050-T7651
and -O. Strips produced from T7-temper plate material are of particular interest, as LSEM reached
effective strains larger than 1, which are not possible in a single pass with other common
deformation processes. Strips produced from O-temper plate material demonstrate that LSEM can
work on both hardened and softened AA7XXX systems.
There is a delicate competition for both starting microstructures between slow cutting speed, in
which sticking friction causes surface roughness, and fast cutting speed, in which adiabatic
temperature rise decreases λnat and can cause shear banding. In addition, a balance must be struck
between a λimp small enough to fully constrain the chip, but not so small that the increased
magnitude of friction and adiabatic heating cause problems.
Careful control must be taken to ensure that the chip is fully constrained and smooth, although this
has been proven to be possible for both materials. For T7-temper plate, this balance would likely
be much easier to achieve with a lathe that has a larger capacity, as the current lathe limits the
range of possible cutting speeds and λimp values. Once this balance is achieved, the resultant
microstructure from the room temperature LSEM process for these materials generally resembles
the starting microstructure, sheared across and aligned with the primary shear plane.
This contrasts the alignment during rolling, in which microstructural features are aligned with the
rolling direction and the length of the plate. For T7-temper plate material, LSEM is able to produce
a much larger deformation than cold rolling, thanks to the large hydrostatic pressure element.
LSEM deformation at elevated temperatures features an intense temperature rise, larger than that
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in other comparable deformation processes such as extrusion, due to the narrow deformation zone
and large strain and strain rates. Future work should work to control these factors to produce a
successful hot LSEM strip.
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5. LSEM OF AS-CAST AND AS-HOMOGENIZED AA7050

The goal of this chapter is two-fold. The first part is intended as proof-of-concept for LSEM
production of AA7050 plate from the as-homogenized condition – the same condition that is used
during conventional hot rolling of AA7050 plate.
In addition, LSEM of as-cast material is investigated to push the capability of LSEM towards
extremely low-workability materials. Conventional homogenization techniques are timeconsuming and expensive but unavoidable because the intermetallic phases removed during
homogenization are prone to tearing and other defects during deformation processing. If the
superior workability of LSEM can allow all or part of this process to be skipped, the
homogenization and solutionization processes can be combined into a single, post-deformation
heat treatment, saving both time and money. Andrew Kustas and Xiaolong Bai have demonstrated
this concept successfully at Purdue for AA5052 and AA6013, respectively, as shown in Figure 5.1
[6,60,65].
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B

A

Figure 5.1 - A LSEM strip of AA6013 by Xiaolong Bai B FM strip of AA5052 by Andrew Kustas
with Vo = 2 m/s and λimp = 1.3. For all samples, a = 5°. [6,60,65].
AA6013 features higher Cu and Mn concentrations than typical 6XXX alloys, making it more
prone to a deformation texture-related defect known as roping. It is still to-be-determined if LSEM
is able to prevent or reduce this defect, it has been concluded that the surface quality, strength, and
workability properties of LSEM 6013 strips are acceptable enough (compared to conventional
rolling) for further investigation.
AA5052 is a non-heat treatable alloy, and porosity during casting is a common problem which
must be alleviated prior to application. Porosity reduction is typically achieved via careful and
expensive casting techniques, but Kustas et al showed that the porosity found in more conventional
casting techniques can be closed up during LSEM. This result is also potentially highly costreducing, and merited further investigation.
Like in the previous experiments, the first step to determine the viability of LSEM for as-cast plate
production of AA7050 is to investigate the quality of the strip produced, one of the main goals of
this chapter.

5.1 Experimental
The starting material used in this experiment was created from extrusion butts donated by
Lafayette, IN Operations of Arconic, Inc., with composition shown in Table 2.1. These butts were
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re-melted at Purdue in air with an Inductotherm 15 kW induction furnace and cast into a
rectangular steel mold with dimensions 2.5 cm x 10 cm x 15 cm. This microstructure accurately
resembles the equiaxed grain structure seen in the bulk of typical DC-cast AA7050 ingots, as seen
in [15,16].
A cylindrical workpiece was machined from these ingots, around 0.5 cm thick x 7.5 cm in diameter
– similar to those demonstrated in Figure 4.1C and D. The microstructure of this as-cast material
is shown in Figure 5.2A. The same material was homogenized (420°C for 10h, 470°C for 4h,
480°C for 15h) according to the schedule recommended by Pikee Priya [15]. This microstructure
is shown in Figure 5.2B, and can be compared to AA7050 that was DC-cast into a 22 inch log and
homogenized by Arconic, Inc. (Figure 5.2C). The grain size and particle distribution resemble
those created in the lab at Purdue.
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A

‘As-Cast’ - Hv = 150

B

‘As-homogenized’ - Hv = 90

C

Figure 5.2 A As-cast: AA7050 donated from extrusion buts by Alcoa in Lafayette and re-melted
into a book mold with dimensions 1”x6”x4”. Rockwell B: 76, Hv ~ 150 kg/mm2. Note that the
material is not likely this hard in bulk. Hard, brittle intermetallic phases at the surface of the ingot
are likely significantly skewing this data. B As-homogenized: Cast material that was subsequently
homogenized and furnace cooled, according to [15]. Rockwell B = 46, Hv ~ 90 kg/mm2. C DCcast and homogenized material that was donated by Lafayette operations of Arconic, Inc.
Experimental procedures and conditions for these materials are largely very similar to those
described in the experiments with T7 and O-temper plate materials discussed in Chapter 4, unless
otherwise noted.
5.2 As-Homogenized Material
5.2.1 FM Experiments
Free-machined chips were created from the as-homogenized material at cutting speeds (Vo) of 1,
4, and 6 m/s. Table 5.1 shows a summary of the λnat and Vickers Hardness data for each of those
cuts.
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Table 5.1 - Summary of data for FM experiments on as-homogenized material.
Vo (m/s)
λnat
Hv
As-homogenized
Starting Hv = 90

1

1.56

134

4

1.41

126

6

1.07

132

The cast homogenized material started out with a similar Vickers Hardness to the O-temper plate
material discussed in CHAPTER 4, but had very different FM results. The trend of decreasing chip
thickness ratio with increasing cutting speed held true, while the hardness values increased at all
three cutting speeds, possibly due to a combination of some cold working and some of the coarse
homogenized particles dissolving into solution (due to the heat of deformation). Figure 5.3 shows
microstructures from both of the successful as-homogenized FM cuts.
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B

A

Built-up edges

C

Built-up edges

Figure 5.3 - Microstructures for FM chips made with varying cutting speeds from as-homogenized
material. A Vo = 1 m/s B Vo = 4 m/s, and C Vo = 6 m/s. The cutting tool face is at the bottom of
each image.
Just as it was with the materials in CHAPTER 4, sticking friction dominates at slow cutting speeds.
In this case, however, it is also observed at very fast speeds - the built-up edge defect is observed
at both 1 m/s and 6 m/s. This may be a result of significant adiabatic heating due to the higher
strain rate causing localized inhomogeneous friction and flow – a secondary shear zone analog of
shear banding, as described in Section 3.1. In addition, the λnat of the 6 m/s chip is much smaller
than those of the two slower cuts – this is related to the inhomogeneous flow associated with the
built-up edge. The conclusion of these FM experiments is that a delicate balance must be achieved
during LSEM to avoid problems with sticking friction at slow speeds and excessive adiabatic
heating and resultant instability at fast speeds.
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The FM microstructure of these strips is consistent with what has been observed for other materials
– the coarse S-phase particles that remained from homogenization remain after shear deformation
and have sheared across the primary shear plane to orient themselves at an angle with the strip
direction. Based on this microstructure and the heating that would have resulted from enough
friction to form built-up edges, it is likely that the increased hardness of these strips is due to partial
dissolution of coarse S-phase particles and solid solution strengthening, rather than cold working.
5.2.2 LSEM Experiment
To avoid the built-up edge effect, while maintaining a comparison with the previously cut material,
a cutting speed of 4 m/s was used for LSEM of the as-homogenized material. Although the λnat
was only 1.34 at this speed, the thickness of the chip was quite variable, so a λimp value of 1.0 was
chosen to ensure full constraint, with the conclusions of the O-temper plate experiments in mind.
Table 5.2 and Figure 5.4 show the data and microstructure for this cut.
Table 5.2 - Summary of data for LSEM experiment on as-homogenized material.
Vo (m/s)
λimp
Hv
As-cast
Starting Hv = 90

4

1.0

100
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Constrained flow zone
zone

Direction of
maximum elongation

Secondary shear zone

Figure 5.4 - Microstructure for an LSEM chip made with Vo = 4 m/s and imposed λimp = 1.0 from
as-homogenized material. The cutting tool face is at the bottom of the image.
Microstructurally, this chip is exactly what we expect from an LSEM chip. Both secondary shear
zones are clearly visible and the flowlines in the bulk of the chip are aligned with the primary shear
plane (labeled in Figure 5.4). It is clear that the constraining tool was employed successfully, as
the chip thickness ratio is larger than that of FM, and the surface is visibly much smoother.
There is evidence of shear banding, marked by the thick dark flowlines in the microstructure.
While there is no evidence of the built-up edge defect on the cutting tool face, there were problems
with some samples involving sticking friction on the constraining tool face. In the future, careful
control must be maintained in order to achieve a fully constrained strip but no problems with
sticking friction.
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5.2.3 Comparison to Cold Rolling
For comparison, this as-homogenized material was also cold-rolled to a comparable effective strain
to further demonstrate the difference in microstructure and properties between LSEM and rolling
on a typical industrial material. These experiments are summarized in Table 5.3 and Figure 5.5.
Table 5.3 - Summary of LSEM vs cold rolling experiments for as-homogenized material.
|𝜀̅|
Deformation type Number of passes
Hv
As-homogenized
Starting Hv = 90

LSEM

1

1.03

100

Cold rolling

3 (~25%/pass)

1.54

138

Cold rolling

6 (~10%/pass)

1.27

125
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A

C

B

D

E

Figure 5.5 - A, B Microstructure and photograph of LSEM as-homogenized material – deformed
to a total effective strain of 1.03 in a single pass. C, D Microstructure and photograph of rolled ashomogenized material – rolled to a total effective strain of 1.27 in 6 passes (~10% deformation per
pass). E Photograph of as-homogenized material rolled to a total effective strain of 1.04 in 3 passes
(~25% deformation per pass).
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These results highlight both the microstructural and property differences between LSEM and
rolling, and also some of the capability differences due to the increased hydrostatic pressure in
LSEM. A primary advantage of LSEM is the ability to create strips at room temperature in a single
pass – as demonstrated in Figure 5.5B. While cold rolling is able to produce a continuous strip of
as-homogenized material (Figure 5.5D), it took 6 passes, roughened the surface, and hardened the
material to a Hv = 125.
When a similar deformation was attempted in fewer passes, a catastrophic failure occurred on the
third pass (Figure 5.5E). This was manifested in a similar way as the hardened T7-temper plate
material – as a loss of the plane strain condition and zippering defects. In practice, these rolling
problems can be solved via intermediate annealing steps and/or hot rolling, increasing processing
costs and required infrastructure investment.
5.2.4 Artificial Aging Response of LSEM Plate
In order to validate the idea that LSEM might be able to produce plate with properties similar to
AA7050 plate currently produced via hot and cold rolling, it is necessary to verify that the
solutionization and artificial aging response of LSEM plate is unchanged. With this in mind, the
LSEM as-homogenized strip shown in Figure 5.4 was solutionized (20 m at 477°C), quenched in
25°C water, and artificially aged (4.5 h at 121°C, 24 h at 163°C) according to the military and
ASM specifications [39,44]. This resulted in a plate with hardness Hv = 153 and microstructure
shown in Figure 5.6A.
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A

B

Figure 5.6 - A LSEM plate from Figure 5.3 that has been solutionized, quenched, and artificially
aged for comparison to conventional AA7050-T7451 material (Hv = 153). B AA7050-T7451 plate
as-received from McMaster-Carr (Hv = 160).
While the hardness of the LSEM plate is not quite as high as the as-received plate, these results do
indicate that the artificial aging response of LSEM plate is as-expected. The resultant LSEM plate
grain structure consists of alternating bands of larger grains with bands of smaller grains. The
alternating nature of the microstructure is likely due both to the texture-preference of
recrystallization and the shear band flow type common to LSEM.
Shear band type flow is inhomogeneous, with softer bands flowing more readily and adiabatically
heating more than the harder bands [52,55]. The extra adiabatic heat in the softer bands might
make the grains in those bands more likely to recrystallize. This effect is likely complemented by
the tendency of certain grain textures to statically recrystallize before others. Yiwei Sun showed
that <001> grains tend to recrystallize before <111> grains (<001><111> is a common
deformation texture for AA7050) during hot extrusion of AA7050 [27]. It may be that the <001>
grains, which recrystallize first, also shear more easily than the <111> grains, amplifying the shear
banding effect. Unfortunately, texture analysis via EBSD was not possible for samples this small
with our current facilities at Purdue. Future work involving scaling and new microscopy
techniques will work to resolve these issues.
This is very similar to the grain structure observed in the as-received condition (Figure 5.6B),
although these grains are aligned with the flowlines in the material, rather than the plate/rolling
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direction, as seen in the as-received plate material. This may result in superior properties to those
seen in conventional rolled plate, as described in section 3.4 and Figure 3.6.

5.3 As-Cast Material
5.3.1 FM Experiments
Free-machined chips were created from the as-cast material at cutting speeds (Vo) of 1, 4, and 6
m/s. Table 5.4 shows a summary of the λnat and Vickers Hardness data for each of those cuts, and
they are shown in Figure 5.7.
Table 5.4 - Summary of data for FM experiments on as-cast material.
Vo (m/s)
λimp
Hv
As-cast
Starting Hv = 150

A

1

-

-

4

1.28

139

6

1.36

119

B

Figure 5.7 - Microstructures for FM chips made with varying cutting speeds from as-cast material.
A Vo = 4 m/s, B Vo = 6 m/s. The cutting tool face is at the bottom of each image.
At Vo = 1 m/s, frictional force overloaded the lathe and no strip was produced. When successful at
higher speeds, strips of this material that were continuous were severely segmented, with
microstructural evidence of shear banding, and had built-up edge defects even at the fastest cutting
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speeds. The thickness of the material was quite inconsistent, making average λnat calculation
difficult and likely not reflective of the actual properties of the material.
5.3.2 LSEM Experiments
With these experiments in mind, λimp values of 1.0 and 0.75 were selected in order to ensure a fully
constrained strip and observe LSEM behavior of as-cast material. These experiments are
summarized in Table 5.5 and microstructures are shown in Figure 5.8.
Table 5.5 - Summary of data for LSEM experiments on as-cast material.
Vo (m/s)
λimp
Hv
4

0.75

139

As-cast

1

1.0

139

Starting Hv = 150

4

1.0

148

6

1.0

141
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A

B

C

D

Figure 5.8 - Microstructures for LSEM chips made with varying cutting speeds and chip thickness
ratios from as-cast material. A λ = 1.0, Vo = 4 m/s; B λ = 0.75, Vo = 1 m/s; C λ = 0.75, Vo = 4 m/s;
D λ = 0.75, Vo = 6 m/s. The cutting tool face is at the bottom of each image.
None of the four strips was fully constrained. The two strips at the fastest cutting speeds and λ =
0.75 were mostly free of the built-up edge defect, which is observed in the other two strips. It is
clear that the constraining tool did have an effect on all four strips, as the microstructures are quite
different than those seen after FM and the thickness of the λ = 0.75 strips are thinner than the λ =
1.0 strips. Still, the presence of shear banding is quite evident, and the resultant chips are heavily
segmented.
As this material is relatively soft, and it is within the capability of the lathe at Purdue, a second
round of FM and LSEM cuts was made for this material with a cut depth of to = 0.508 mm – 2x
thicker than all previous cuts. This was done in an attempt to perform more cuts at a lower chip
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thickness ratio, which are difficult when the strip is so thin. These results are highlighted in Table
5.6 and Figure 5.9.
Table 5.6 - Summary of data for LSEM and FM experiments on as-cast material with to = 0.508
mm.
Type of cut Vo (m/s)
l
Hv
As-cast
Starting Hv = 150

A

FM

4

lnat = 0.73

120

LSEM

4

limp = 0.60

117

B

C
D

Figure 5.9 - Microstructures of strips from as-cast material with depth of cut to = 0.508 mm and
cutting speed Vo = 4 m/s. A FM cut with lnat = 0.73. B, C LSEM cut with limp = 0.60 at two
different magnifications. D Photograph of the LSEM cut shown in B and C.
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The FM cut at to = 0.508 mm is not microstructurally different than the cuts at to = 0.254 mm – it
still features heavy segmentation at the free surface and the built-up edge defect due to friction at
the cutting tool surface. It does differ, however, in its lnat = 0.73, while the thinner cut had a lnat
= 1.28. Note that a lnat below 1 has not been observed for other materials and is not expected, as
it implies that the material is shearing into the cutting tool. Normally, the material relieves energy
by shearing away from the cutting tool. This result is most likely not real – likely an effect of a
variety of factors including the presence of built-up edges and a rough surface, which affect tc
measurement; the method of tc measurement (a systematic average of 10 measurements in ImageJ
– meaning that much of the strip is thicker than the reported lnat); and perhaps a compromise of
the plane-strain condition (as evidenced by the side coils observed in the LSEM cut in Figure
5.9D).
The LSEM strip is much better-constrained than the previous round of experiments. There are two
large secondary shear zones at either surface, and the constraining tool surface is lightly
segmented. The bulk of the strip features flowlines of very coarse intermetallic particles that are
aligned with the primary shear plane.
Unfortunately, closer inspection of these light segmentation at the constraining tool surface (Figure
5.9C) reveal that each of the segmentations is located at an intermetallic particle. This is expected,
as these brittle intermetallic particles are known to cause tearing during processing and are among
the primary motivations for an expensive but thorough homogenization process. In addition,
Figure 5.8D reveals that the strips created during LSEM of as-cast material may have lost their
plane strain condition, resulting in a similar defect to the zippering seen during cold rolling.
These results are in contrast with those observed by Xiaolong Bai (AA6013) and Andrew Kustas
(AA5052), which are shown in Figure 5.1. They were both able to produce strip with good surface
quality via otherwise similar conditions to those in these experiments with AA7050. In both prior
instances, LSEM was recommended as a potential method for production of plate with cost-saving
benefits. Due to the second phase particles and the resultant tearing in LSEM of AA7050, further
investigation at room temperature is not recommended.
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5.3.3 Comparison to Cold Rolling
For the reasons outlined above, despite the production of a continuous strip, it seems unlikely that
LSEM of AA7050 without homogenization is a viable method of plate production. Still, for
comparison, this same material was cold-rolled to a similar effective strain. This experiment is
summarized and displayed in Table 5.7 and Figure 5.10.
Table 5.7 - Summary of LSEM vs cold rolling experiments for as-cast material.
|𝜀̅|
Deformation type Number of passes
Hv
As-cast
Starting Hv = 150

A

LSEM

1

1.21

117

Cold rolling

2 (~25%/pass)

0.88

165

B

Figure 5.10 - Photographs of as-cast ‘plate’ material created via A LSEM B cold-rolling.
The cold rolled as-cast plate failed via the same zipper failure seen in other materials, but after
only 2 passes and at a much lower effective strain. While LSEM features the side coiling defect
and poor surface quality, it still performed significantly better and shows more promise in the bulk
of the chip than cold rolling.
5.4 Discussion
Continuous strips were produced via LSEM from both as-homogenized and as-cast AA7050.
While both strips are continuous, the as-homogenized material was much easier to machine,
especially for thinner strips. As-homogenized material was also able to produce strips with better
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surface quality than as-cast material. It was theorized that the large hydrostatic pressure element
of LSEM might have been able to produce strips without homogenization, as has been shown for
other materials, it does not appear that this is the case for AA7050 [6,60,65]. This finding is
significant, although relatively unsurprising, as AA7050 is a high-performance material and
homogenization is an area that has been studied thoroughly in search of potential cost-savings.
It is generally known that workability during machining is somewhat counterintuitive compared
to workability during other processes – i.e. that hardened materials (which would typically be
considered low-workability for most processes) are easier to machine than softened materials. This
trend generally follows for AA7050 (as has been demonstrated in CHAPTER 4), but this work has
shown that microstructural features do play a role in strip formation beyond typical textbook
consideration of hardness alone. The hard intermetallic and inclusion phase particles, which are
the specific targets of the homogenization process, turn out to be the microstructural cause of
segmentation during LSEM and zippering failure during cold rolling.
While this failure to produce an LSEM strip from as-cast material with surface quality comparable
to conventionally-produced AA7050 plate limits the potential applications for this process, it is
still significant that LSEM out-performed cold rolling for both the as-cast and as-homogenized
materials. It is also significant that LSEM plate has a similar artificial aging response to
conventionally-rolled plated. This implies that LSEM may be a viable alternative to produce plate
with similar properties to currently-in-use AA7050-T7451 plate.
It is still to-be-determined how the processes might compare at elevated temperatures. Hot rolling
behavior and microstructural evolution is much more thoroughly-characterized than hot LSEM
behavior for AA7050 and other materials.
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6. CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

6.1 Conclusions
This dissertation begins with a literature review and comprehensive description of the typical
AA7050 production process in order to provide context necessary to understand the advantages
and disadvantages of large strain extrusion machining (LSEM), a novel plane-strain deformation
process. During LSEM, a constraining tool is applied in addition to the conventional sharp, wedgeshaped cutting tool to perform a simultaneous cutting-extrusion. This results in a continuous strip
of material of a specific thickness in a single step.
The LSEM process has been applied in this work using different deformation conditions and a
number of different starting microstructures of AA7050 in order to better understand the different
factors at play in this process. These starting microstructures included hardened AA7050-T7451
plate, as-received from McMaster-Carr, Inc.; annealed and slow-cooled AA7050-O-temper plate;
as-cast AA7050 made from re-melted extrusion butts donated by Arconic, Inc.; and ashomogenized AA7050, similar to the same starting microstructure used in industrial processes.
In general, the large hydrostatic pressure during LSEM allows low-workability materials to be
deformed to strains that are not possible for other processes. This work has shown that this trend
is true for AA7050-T7, which is typically too hard to be deformed via other processes but is able
to be deformed via room temperature LSEM to strains above 1 into a continuous strip. When the
same material was cold-rolled to a strain of 1 in three passes, the resultant strip failed via zippering,
which indicates that the material is too hard to deform.
For the other, softer materials, LSEM is possible but it is difficult to create a material with good
surface quality. Depending on the starting microstructure, careful control of cutting speed and chip
thickness ratio must be taken in order to ensure a perfectly smooth surface. For both O-temper
plate material, and as-homogenized material, deformation conditions were able to create smooth,
continuous AA7050 plate. The as-homogenized material was able to be deformed to a greater
strain in a single step via LSEM than via cold rolling, although multi-step cold-rolling is able to
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achieve similar strains to LSEM when step size is controlled properly. Plate created via LSEM
from as-homogenized material was artificially aged successfully so that it had comparable
properties to conventionally-rolled AA7050-T7451 plate.
For the as-cast material, smooth surfaces via LSEM were impossible, as the intermetallic particles
that would have been dissolved during homogenization are very brittle and caused cracking and
segregated flow at the surfaces of the strip. In addition, the highly segmented, low lnat strips
observed during FM mean that constraining flow during LSEM is more difficult than for other
starting microstructures, especially for thinner sections.
For these reasons, it is concluded that LSEM is not able to create quality strips of as-cast AA7050,
and that the typical homogenization step is required. While LSEM has allowed for homogenization
to be skipped for other materials, as-cast AA7050 features particularly brittle and problematic
intermetallic particles that cause too many problems during deformation.

6.2 Future Work
LSEM remains a promising, novel alternative to conventional rolling of AA7050, and there is
much to be gained by its continued study. The scope of future work divided into two categories:
•

Academic research, i.e. using LSEM as an analog process to learn more about more
complicated deformation processes.

•

LSEM as an alternative to conventional production of AA7050 plate.

6.2.1 LSEM as an Academic Tool
As an academic tool, LSEM is quite powerful. The plane strain nature of the deformation and the
analytical models that have been verified mean that microstructural evolution is much easier to
study during LSEM than during other deformation processes. In addition, careful sample
preparation and special setup can allow for in-situ video analysis during LSEM, in-situ observation
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of microstructural evolution, and make image tracking tools like particle image velocimetry (PIV)
possible.
These capabilities mean that LSEM is an ideal way to study the PCG defect that is known to occur
during conventional extrusion of AA7050. PCG results from increased effective strain due to
secondary shear and friction near the die exits, but extrusion in somewhat of a “black box” in terms
of the exact mechanisms of microstructural evolution. In-situ observation of the secondary shear
zones during LSEM could allow for insights into the microstructural evolution during conventional
extrusion that are not currently fully understood.
With this in mind, achieving successful elevated temperature LSEM may be of particular interest,
as it is theoretically easier to observe recrystallization events and match them up with analyticallycalculated deformation conditions. This combination could provide new information about the
microstructural evolution that occurs during deformation processes like LSEM, hot rolling, and
extrusion. It would be a significant contribution to the current knowledge if static or dynamic
recrystallization could be observed during LSEM, as the it would provide another perspective into
the true recrystallization mechanisms that take place under different deformation conditions, many
of which are still up for debate.

6.2.2 LSEM as an Alternative Method to Produce AA7050 Plate
As an alternative method to produce AA7050 plate, there may be situations where the increased
efficiency afforded by a single-step, room temperature deformation is advantageous. In addition,
the ability to start with microstructures other than the conventionally used as-homogenized
microstructure may be useful to produce different microstructures than those seen during
conventional rolling. Additional work is necessary to perfect these advantages and prove the
viability of the process. It would also be great to verify the speculated mechanism described in
section 3.4 which might prove the LSEM microstructure to be stronger than a rolled
microstructure.
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More specifically, work is needed to quantify the efficiency of the process. While the single-step,
room temperature nature of LSEM shines when compared to conventional rolling, the noncontinuous nature of the deformation is severely limiting. The development of a more efficient
process could significantly improve the ability of LSEM to compete with rolling from an economic
perspective.
In addition, work is needed to verify the theoretical scalability of the LSEM process. A new 20horsepower lathe (4x more powerful than the 5-horsepower lathe used in this work), recently
acquired at Purdue, will allow for significant work in this direction. This will allow for the
deformation of stronger materials, thicker or wider strips, and/or faster cutting speeds that have
not previously been possible, especially for hardened AA7050-T7. While the lathe size needed to
scale this technology to an industrial scale would depend on the specific alloy, starting
microstructure, and plate size/thickness, proof that the microstructural features observed at the
scale described in this work are also observed in larger size scales would be an important first step
towards this verification.
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